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We demonstrate that the cluster-glass state emerges as ferromagnetic quantum criticality is
avoided in itinerant ferromagnet Sr1−x(La0.5K0.5)xRuO3. In this compound, the ferromagnetic
order is suppressed by increasing x, and then disappears at the critical concentration: x = 0.5.
In this x range, the present study reveals that no prominent feature is ascribed to the quantum
critical fluctuations in specific heat. Instead, ac magnetic susceptibility exhibits a broad peak due
to spontaneous spin freezing, and the peak temperature depends significantly on the frequency of
the applied ac magnetic field. Furthermore, specific heat is enhanced within a wide temperature
range, whereas specific heat shows no salient anomaly associated with spin freezing. These features
are characteristics of the formation of cluster-glass; in particular, the observed frequency variations
in ac magnetic susceptibility are well described by the Vogel-Fulcher law. We compare the fea-
tures concerning the suppression of the ferromagnetic order in this doped compound with those
in isostructural Ca- and La-doped SrRuO3, and suggest that a local correlated disorder effect and
the very small coherence of itinerant Ru 4d electrons are responsible for the cluster-glass formation
instead of the quantum phase transition in Sr1−x(La0.5K0.5)xRuO3.
I. INTRODUCTION
Understanding the role of spin correlations in the
anomalous electronic state is one of the most challenging
subjects in strongly correlated electron physics related
to the metal-insulator (MI) transition. The distorted
perovskite compound SrRuO3 [GdFeO3-type orthorhom-
bic crystal structure, the upper inset in Fig. 1(a)] shows
the ferromagnetic (FM) order below TC = 160 K [1, 2],
whose order parameter is considered to originate from the
itinerant Ru 4d electrons from early photoemission and
band-calculation studies [3–5]. However, this compound
concomitantly involves so-called bad metallic characteris-
tics, corresponding to the absence of suppression in elec-
trical resistivity and a very small mean-free path com-
parable to the lattice constants at high temperatures
[6–9]. Optical conductivity exhibits anomalous charge
dynamics which are different from those expected from
conventional Fermi-liquid behaviors at low temperatures
[10]. Furthermore, angle-resolved photoemission investi-
gations indicate that the localized spin state of Ru 4d
electrons emerges in the paramagnetic region [11]. The
Rhodes-Wohlfarth parameter, which is determined by the
ratio of a paramagnetic moment and an ordered FM mo-
ment, is estimated to be about 1.3 in SrRuO3, which does
not coincide with the localized spin limit (= 1) or the itin-
erant spin limit (∼ 3) [12]. These features are suggested
to be a signature of the itinerant-localized dual nature in
Ru 4d electrons which is enhanced due to the instability
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of the MI transition.
The MI transition is induced in mixed com-
pounds of SrRuO3, such as SrRu1−xMnxO3 [13–17],
SrRu1−xRhxO3 [18], and SrRu1−xMgxO3 [19]. In con-
trast, the substitution of Ca or La for Sr in SrRuO3 does
not induce the MI transition, but yields anomalous para-
magnetic ground states through suppression of the FM
phase. It was revealed that in Sr1−xCaxRuO3, doping
Ca into SrRuO3 monotonically suppresses the FM order,
and then yields a paramagnetic state above a critical con-
centration: x ∼ 0.7 − 0.8 [20]. In this x range, nuclear
magnetic resonance (NMR) and thermodynamic inves-
tigations suggest an evolution of FM quantum-critical
fluctuations originating from the itinerant spins [21–23].
However, muon spin rotation (µSR) and magneto-optical
experiments point out that such spin fluctuations tend to
be weakened or smeared by a spontaneous phase separa-
tion between the FM and paramagnetic states in real
space [24, 25]. In Sr1−xLaxRuO3, the FM ordered state
is rapidly suppressed by La doping [26–28], and is then
replaced by a cluster-glass state for 0.3 ≤ x ≤ 0.5, shown
by the experimental result that ac magnetic suscepti-
bility shows frequency dependence near the cluster-glass
freezing temperature [29]. The development of inhomo-
geneous FM clusters was also confirmed with µSR mea-
surement [30]. Furthermore, photoemisson experiments
revealed that most of the coherent component of Rh 4d
electrons remains at the Fermi level in the photoemis-
sion spectra for 0.3 ≤ x ≤ 0.5, although the spectral
weight transfers from the coherent to incoherent parts
with increasing x [31]. It is expected that these anoma-
lous features in Ca- and La-doped SrRuO3 are intimately
coupled with the itinerant-localized duality involved in
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2Ru 4d electrons.
To gain further insight into the anomalous elec-
tronic and spin states enhanced around the FM criti-
cal region, we investigated the other mixed compound
Sr1−x(La0.5K0.5)xRuO3 by performing magnetic and
thermal experiments. A previous report on this com-
pound indicated that the overall feature concerning sup-
pression of the FM order is similar to those observed in
Ca- and La-doped SrRuO3, and the critcal x value for
the disappearance of the FM order is ∼ 0.5 [32]. How-
ever, the nature of the electronic and spin states around
the critical x range remains unclear. As for the case of
Ca- and La-doped SrRuO3, the striking difference be-
tween the dopants is considered to be their nominal va-
lence states; no carrier-doping effect is expected in Ca-
doped SrRuO3 because the Sr
2+ ion is substituted by the
isovalent Ca2+ ion, whereas the La3+ ion is considered
to behave as an electron dopant as well as an impurity
in La-doped SrRuO3. We expect that our investigation
of Sr1−x(La0.5K0.5)xRuO3 will provide clues for under-
standing the role of this discrepancy in the evolution of
anomalous electronic and spin states, because no carrier-
doping effect is expected with equal amounts of La3+
and K+ ion doping. In this paper, we demonstrate the
emergence of the cluster-glass state for 0.4 ≤ x ≤ 0.47,
while Ru 4d electrons simultaneously involve itinerant
characteristics. Then we discuss the similarities and dif-
ferences among the doped compounds to clarify the origin
of anomalous electronic and spin states at the FM critical
region.
II. EXPERIMENT DETAILS
Polycrystals of Sr1−x(La0.5K0.5)xRuO3 with x ≤ 0.5
were synthesized with a conventional solid-state reac-
tion method with starting materials SrCO3, La(OH)3,
K2CO3, and RuO2. To make the samples, the SrCO3,
La(OH)3, and K2CO3 powders with stoichiometric com-
positions were initially mixed and calcined at 800 ◦C, and
the products were then mixed with the RuO2 powder in
high-purity ethanol. After the ethanol was removed at
100 ◦C, the mixtures were shaped into pellets, and sin-
tered at 1250 ◦C for 20 h in ambient atmosphere. This
sintering process was iterated 2 to 3 times to ensure ho-
mogeneous synthesis. The synthesis procedure for the
pure SrRuO3 sample is described elsewhere [29]. The x-
ray diffraction measurements confirmed that all the sam-
ples had the GdFeO3-type orthorhombic crystal struc-
ture and no extrinsic phase within experimental accu-
racy. The lattice parameters were consistent with those
in a previous report [32].
Displayed in Fig. 1(a) are the temperature variations
in dc magnetization M(T ) for Sr1−x(La0.5K0.5)xRuO3,
measured using a commercial SQUID magnetometer
(MPMS, Quantum Design). The overall features of the
M(T ) data are consistent with those reported in previous
work [32]; the Curie temperature and the magnitude of
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FIG. 1: Temperature variations in (a) dc magnetization M
obtained under magnetic field of B = 0.5 T with the field-
cooling condition and (b) electrical resistivity ρ normalized
by the magnitude at 300 K for Sr1−x(La0.5K0.5)xRuO3. The
ρ/ρ(300 K) data for x ≥ 0.1 are vertically shifted in 0.2 steps
for clarity. The crystal structure and inverse susceptibility
B/M of Sr1−x(La0.5K0.5)xRuO3 are shown in the upper and
lower insets, respectively, in (a).
spontaneous magnetization are reduced with increasing
x, and then become nearly zero at x ∼ 0.5. In addition,
the effective moments estimated from inverse magnetic
susceptibility [the lower inset in Fig. 1(a)] in the para-
magnetic region are 2.6(2) µB/f.u. for all of the x range
investigated, which roughly coincide with the calculated
value (2.8 µB) for the low-spin state of the Ru
4+ ion.
We also checked the temperature dependence in electri-
cal resistivity ρ(T ) for our Sr1−x(La0.5K0.5)xRuO3 sam-
ples [Fig. 1(b)]. The magnitude of ρ at 300 K ranges from
0.8 to 2.0 mΩ cm for all of the sample investigated, and
this discrepancy may be caused by the sintered samples.
For x = 0, a kink is observed in ρ(T ) at TC = 160 K,
and this feature becomes unclear along with the reduc-
tion of TC as x is increased. At the same time, a slight
upturn emerges in ρ(T ) at low temperatures for x ≥ 0.3.
This upturn feature was also observed in the previous
investigations for (La,K)-, La-, and Ca-doped SrRuO3
[29, 32, 33], but its origin is unclear at present. Despite
the weak upturn feature, it is considered that the ρ(T )
data for all of the x range investigated have metallic char-
acteristics. These trends are consistent with the previous
reports [32].
The ac magnetic susceptibility measurements were
performed between 4 and 220 K with the standard
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FIG. 2: (a) Temperature variations in the real-part compo-
nent in ac magnetic susceptibility χ′ac at 180 Hz, and (b) x
variations of peak temperature T ∗ estimated from the χ′ac(T )
data for Sr1−x(La0.5K0.5)xRuO3. The inset in (a) shows the
increase in the χ′ac data around 160 K, in which a logarithmic
scale is used for the vertical axis. In (b), the open and cross
symbols indicate the freezing temperature of the cluster-glass
state and the characteristic temperature Tir below which the
M(T ) curve for the zero-field-cooling condition deviates from
that for the field-cooling condition, respectively.
Hartshorn-bridge method, in which the magnitude and
the frequency of the applied ac field were selected to
be 0.1 mT and 12–1020 Hz, respectively. The specific
heat measurements were carried out down to 1.1 K with
the thermal relaxation method, in which well-defined
thermal-relaxation curves were obtained for all the mea-
surements by carefully setting the thermal contact be-
tween the plate-shaped sintered samples and the heat-
capacity chip of the equipment.
III. RESULTS
A. Magnetic properties
Figure 2(a) shows the temperature dependence of the
real-part component in ac magnetic susceptibility χ′ac(T )
with frequency f of 180 Hz for Sr1−x(La0.5K0.5)xRuO3.
A clear divergence associated with the FM transition is
observed at 161 K in χ′ac(T ) for pure SrRuO3. The dop-
ing of La and K into SrRuO3 rapidly reduces peak tem-
perature T ∗ in χ′ac(T ) down to 144 K (x = 0.1) and 82 K
(x = 0.3), while the diverging feature remains for x ≤ 0.3.
As x approaches the FM critical concentration (∼ 0.5),
however, the peak in χ′ac(T ) becomes small and broad;
the peak height and width for x = 0.45 (T ∗ = 16.6 K)
are about one fourth of and threefold those for x = 0,
respectively. Finally, the peak is not detected in χ′ac(T )
for x = 0.5 within experimental accuracy, at least in the
temperature range of T ≥ 4 K. The diagram of x ver-
sus T ∗ [Fig. 2(b)] is consistent with that derived from dc
magnetization [32]. Note that a tiny peak at ∼ 163 K
is observed in the χ′ac(T ) data for x = 0.1 [the inset in
Fig. 2(a)]. This peak is likely caused by a fragmentary
phase of pure SrRuO3 because the magnitude of this peak
component is only 1.6% of that of pure SrRuO3, but the
sharpness of the peak is comparable. For x = 0.45 [not
shown in the inset in Fig. 2(a)] and 0.5, χ′ac(T ) exhibits
an extremely small hump at ∼ 165 K, whose magni-
tude is about 0.1% of the peak height of pure SrRuO3.
In contrast, no such a peak is in χ′ac(T ) for the other
compositions.
The suppression and broadening of the peak in χ′ac(T )
for x ∼ 0.45 indicate an increase in the disorder and dy-
namical effects on the spin arrangement around the FM
critical region. To verify those effects, we measured the
frequency dependence of the peak in ac magnetic suscep-
tibility. Figure 3(a) shows the increase in the χ′ac(T ) data
around T ∗ for x = 0.45, obtained under the ac magnetic
field with different frequencies. A clear peak shift toward
high temperatures and a reduction in the peak height oc-
cur with the increasing frequency. In addition, the small
peak evolves in the imaginary-part component of ac mag-
netic susceptibility χ′′ac(T ) at ∼ T ∗ [Fig. 3(b)], indicat-
ing that an energy dissipation process is involved in the
spin arrangement at ∼ T ∗. All these features strongly
suggest that glass-like spin freezing occurs at ∼ T ∗. A
similar frequency dependence is observed in χ′ac(T ) for
0.4 ≤ x ≤ 0.47, although this feature is not detected
for x ≤ 0.3 within experimental accuracy. Furthermore,
the rate of the frequency shift in T ∗ increases with the
increasing x [the inset in Fig. 3(a)]. Note that the fre-
quency range of this investigation (≤ 1020 Hz) is much
smaller than the megahertz and gigahertz ranges in which
magnetic responses are expected to show the frequency
dependence in usual FM compounds [34].
In general, the characteristics of glass-like freezing of
the spins can be inferred from the value of the initial
frequency shift (the Mydosh parameter) defined as δ =
∆T ∗/(T ∗∆ log10 f) [34]. In the inset in Fig. 3(b), we plot
the δ value estimated from the χ′ac(T ) data for 0.4 ≤
x ≤ 0.47. δ increases with increasing x, ranging from
0.0036(2) (x = 0.4) to 0.037(7) (x = 0.47). Although the
δ values for x = 0.4 and 0.415 are comparable to those
estimated for the canonical spin-glass system of CuMn
(δ ∼ 0.005), the values are increased to the order of 0.01
for x ≥ 0.45, which covers the δ range expected for the
cluster-glass state (δ ∼ 0.01–0.1), realized as an ensemble
of interacting spin nano clusters [34]. This suggests that
the increase in δ is ascribed to the variation in the spin
arrangement from the FM long-range order to the FM
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FIG. 3: Temperature variations in (a) real-part ac suscep-
tibility χ′ac and (b) imaginary-part ac susceptibility χ
′′
ac for
Sr0.55(La0.5K0.5)0.45RuO3, obtained under the ac magnetic
field with various frequencies. The arrows in (a) indicate peak
temperature T ∗ of χ′ac for different frequencies. The inset of
(a) shows the frequency dependencies of T ∗ for x = 0.4, 0.45,
and 0.47, and the inset of (b) is the x dependence of the ini-
tial frequency shift δ for 0.4 ≤ x ≤ 0.47. (c) Temperature
variations in dc magnetization for Sr0.55(La0.5K0.5)0.45RuO3,
obtained under very weak magnetic field of B = 11 mT with
the field-cooling (FC) and zero-field-cooling (ZFC) conditions.
cluster-glass formation as x approaches the FM critical
concentration of x ∼ 0.5.
The emergence of the FM cluster-glass state can be
also traced in the M(T ) curves. Figure 3(c) shows M(T )
for x = 0.45 obtained under very weak magnetic field of
B = 11 mT with the field-cooling (FC) and zero-field-
cooling (ZFC) conditions. It is found that M(T ) for the
ZFC condition deviates from that for the FC condition
below Tir ∼ 72.5 K, and then exhibits a peak at 13.5
K, followed by the large reduction of M(T ) with fur-
ther decreasing temperature. The discrepancy between
the peak temperature and T ∗ (= 16.6 K) is caused by
the magnitude of the applied magnetic field, because the
peak temperature is found to approach to T ∗ with fur-
ther decreasing B. In contrast, M(T ) for the FC condi-
tion continuously increases with decreasing temperature.
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FIG. 4: Activation energy Ea and Vogel-Fulcher tempera-
ture T0 around the FM critical x range (0.4 ≤ x ≤ 0.47) for
Sr1−x(La0.5K0.5)xRuO3, plotted as a function of the La and
K concentration x. In this plot, f0 is assumed to be 10
12 Hz.
The error bar of Ea originates from the f0 range from 10
11 to
1013 Hz. The T ∗ data at 180 Hz are also plotted for compar-
ison. The inset shows the T ∗ data for x = 0.4, 0.45, and 0.47
plotted as a function of 100/ ln(f0/f), in which the T0 value
obtained with Vogel-Fulcher analysis for each x is subtracted
from T ∗ for clarity.
These behaviors in M(T ) are the characteristics of the
formation of the FM cluster-glass state; it is expected
that the FM clusters develop and start interacting (or
freezing) below ∼ Tir, and the majority of the FM clus-
ters then freeze below ∼ T ∗, yielding the very small and
large hysteresis below Tir and T
∗, respectively, in M(T )
between the FC and ZFC conditions. These features are
also observed in the other cluster-glass systems [35, 36].
To clarify the nature of the cluster-glass state for
0.4 ≤ x ≤ 0.47, we attempt phenomenological Vogel-
Fulcher analysis for the T ∗ data obtained from χ′ac(T ).
In the Vogel-Fulcher law, the relation between f and T ∗
is described by
f = f0 exp
[
− Ea
kB(T ∗ − T0)
]
, (1)
where f0, Ea, and T0 are the characteristic frequency of
the spin clusters, the activation energy, and the Vogel-
Fulcher temperature, respectively. In general, the f0
value is known to fall within the range between 1011 and
1013 Hz for typical spin and cluster glass systems [37, 38],
and therefore, we tentatively assume that f0 is 10
12 Hz.
It is convenient to rewrite Eq. (1) for analyzing the fre-
quency dependence of T ∗ as follows:
T ∗ = T0 +
Ea
kB
[
ln
(
f0
f
)]−1
. (2)
The present T ∗ data are roughly in proportion to
1/ ln(1/f), at least within the investigated f range (the
5inset in Fig. 4). Figure 4 shows the Ea and T0 values for
0.4 ≤ x ≤ 0.47, obtained with the best fit of the T ∗ data
using Eq. (2). In this figure, the error bar of Ea originates
from the difference in the assumed f0 values between 10
11
and 1013 Hz. The near coincidence between T0 and T
∗
and the relation of T0 < T
∗ confirm that the peak in
χ′ac(T ) is attributed to freezing of the spin clusters be-
cause T0 is considered to be related to the strength of the
inter-cluster interactions. It is also found that the Ea/kB
values (∼ 30–50 K) are comparable to the magnitude of
Tir as well as T
∗ for x = 0.4, at which the crossover
from the FM long-range order to the cluster-glass state
occurs. Furthermore, Ea is roughly independent of x for
0.415 ≤ x ≤ 0.47. These features indicate that the en-
ergy barrier of spin cluster flipping does not depend much
on x, and the suppression of T ∗ in this x range is mainly
attributed to the reduction in inter-cluster interactions
rather than the shrinkage of each spin cluster. This
trend is also seen in Sr1−xLaxRuO3 for 0.3 ≤ x ≤ 0.5
[29]. Note that the Arrhenius equation, given by putting
T0 = 0 in Eq. (1), cannot be applied to the T
∗ data for
Sr1−x(La0.5K0.5)xRuO3 because the best fit using the Ar-
rhenius law leads to inappropriate fitting parameters of
f0 > 10
29 Hz and Ea/kB > 450 K for 0.4 ≤ x ≤ 0.47.
We expect that the peak in χ′ac(T ) roughly follows the
Arrhenius law for x ≥ 0.5 if the T0 = 0 condition is
realized. However, the peak due to reduced spin clus-
ter flipping is not observed in χ′ac(T ) for x = 0.5 in the
present temperature range (T ≥ 4 K).
B. Thermal properties
Figure 5 shows the temperature variations in specific
heat Cp(T ) for Sr1−x(La0.5K0.5)xRuO3. A clear jump as-
sociated with the FM transition occurs at T ∗ (=161 K)
in Cp(T ) for x = 0. The jump in Cp(T ) is reduced and
becomes broad with increasing x. The FM transition is
still recognized in Cp(T ) as a weak kink at T
∗ = 82 K for
x = 0.3, but no clear anomaly due to phase transition
is observed at T ∗ in Cp(T ) for x ≥ 0.4 within the ex-
perimental resolution. This feature can be more clearly
seen in the inset in Fig. 5, where the differences in the
Cp data from those for the compound showing no mag-
netic order (x = 0.5), Cp − Cp(x = 0.5), are plotted.
The suppression of the jump in Cp(T ) seems consistent
with the trends observed in the M(T ) and χ′ac(T ) data.
Namely, doping La and K reduces the magnitude of spon-
taneous magnetization in M(T ) and broadens the peak
associated with the FM transition at T ∗ in χ′ac(T ). In
addition, the frequency dependence of the peak at T ∗
in χ′ac(T ) indicates that the FM transition changes into
random freezing of spin clusters above x ∼ 0.4. These
features in M(T ) and χ′ac(T ) suggest that the entropy
change associated with spin freezing is small at T ∗, lead-
ing to the reduction in the anomaly at T ∗ in Cp(T ). This
trend in Cp(T ) is further discussed later.
In Fig. 6(a), low-temperature specific heat divided by
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FIG. 5: Temperature variations in specific heat Cp for
Sr1−x(La0.5K0.5)xRuO3. Note that the Cp data for x ≤ 0.4
are vertically shifted in 20 J/K mol steps for clarity. The inset
shows the differences in the Cp data from those for x = 0.5,
Cp−Cp(x = 0.5), in which the data for x ≤ 0.3 are vertically
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temperature Cp/T is plotted as a function of T
2. The
Cp/T curves for the entire La and K concentration range
of x ≤ 0.5 are roughly in proportion to T 2, and show
no salient feature ascribed to quantum critical fluctua-
tions, such as strongly diverging behavior for T → 0.
For x = 0.47, the Cp/T curve does not involve a pro-
nounced anomaly due to the freezing of the spin clus-
ters at (T ∗)2 = 50.4 K2 (T ∗ = 7.1 K), but it seems
to exhibit a slight deviation from the T 2 function below
T 2 ∼ 20 K2 (T ∼ 4.5 K). Therefore, we simply assume
a relation of Cp/T = γ + βT
2, and fit the Cp/T data
between 25 and 100 K2 (5 and 10 K) using this function.
Then, we estimate the electronic specific heat using a re-
lation of Cel ≡ Cp − βT 3. It is found that for x = 0.47,
the doping contribution to the electronic specific heat,
∆Cel/xT ≡ [(Cel − Cel(x = 0))/xT ], slightly increases
with decreasing temperature, roughly in proportion to
− lnT [the inset in Fig. 6(a)], implying that the quantum
critical fluctuations of the FM order, as suggested in Ca-
doped SrRuO3 [22, 23], are induced in a small number of
unfrozen spins or clusters.
In Fig. 6(b), we show the relation between γ and T ∗,
obtained using x as an implicit parameter. A clear
γ(T ∗) − γ(T ∗ = 0) ∝ −T ∗ relation is found in the
FM long-range order region for x ≤ 0.3, suggesting
that the increase in γ with increasing x is mainly at-
tributed to the recovery of the density of states at the
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Sr1−x(La0.5K0.5)xRuO3. The inset in (a) shows the tempera-
ture dependence in the doping contribution to the electronic
specific heat, ∆Cel/xT ≡ [(Cel −Cel(x = 0))/xT ], in which a
logarithmic scale is used for the horizontal axis. The dashed
lines in the inset of (a) and (b) are visual guides.
Fermi level due to the suppression of the spin band split-
tings. In fact, a simple extrapolation to T ∗ → 0 yields
γ ∼ 65 mJ/K2 mol, which is close to the value of the
isostructural nonmagnetic metal CaRuO3 (73–82 mJ/K
2
mol) [20, 22]. However, a significant deviation from the
γ(T ∗) − γ(T ∗ = 0) ∝ −T ∗ relation due to an addi-
tional increase in γ occurs in the cluster-glass region for
0.4 ≤ x ≤ 0.47. This would reflect the entropy contribu-
tions associated with the clustering and the freezing of
the spins; the very large broadening of the anomaly at
∼ T ∗ in Cp/T may give rise to the quasi T -linear depen-
dence of Cp(T ) at low temperatures. This feature has
been observed in Cp(T ) of the typical spin-glass system
AuFe [39]. In addition, it is likely that the emergence
of the very weak quantum critical fluctuations also con-
tributes to the enhancement of the γ value. For all the
La and K doping levels, the large γ values (30–74 mJ/K2
mol) are attributed to the Ru 4d electronic contributions
as their itinerant characteristics, as well as the freezing of
their spins. In particular, the itinerant characteristics of
Ru 4d electrons are common in Ca-, La-, and La0.5K0.5-
doped SrRuO3 [20–22, 29, 31].
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FIG. 7: (a) The unit cell volume at room temperature
and (b) the FM transition temperature plotted as a func-
tion of doped ionic concentration x for Sr1−xAxRuO3 with
A=La0.5K0.5, La [27, 29], and Ca [20, 21]. The FM transition
temperature is also plotted as a funcution of the averaged ra-
dius of the A-site ions in the inset of (b). In (b), the open
and cross symbols indicate the freezing temperature of the
cluster-glass state for La0.5K0.5- and La-doped SrRuO3 and
Tir for La0.5K0.5-doped SrRuO3, respectively.
IV. DISCUSSION
In Sr1−x(La0.5K0.5)xRuO3, we observed the emergence
of the cluster-glass state in the vicinity of the FM criti-
cal concentration: x = 0.5. This feature is similar to the
spontaneous phase separation in Sr1−xCaxRuO3 revealed
by the µSR and magneto-optical experiments [24, 25] and
the cluster-glass formation in Sr1−xLaxRuO3 [29, 30],
but different from the non-Fermi-liquid state originating
from the quantum critical fluctuations in Sr1−xCaxRuO3
suggested by the NMR and thermodynamic investiga-
tions [21–23]. Furthermore, we found that Ru 4d elec-
trons have itinerant and localized characteristics simul-
taneously in Sr1−x(La0.5K0.5)xRuO3. The former is re-
alized by the large γ value, and the latter is expected
from the FM nano-cluster formation proposed by the
Vogel-Fulcher analysis for χ′ac(T ). We expect that the
itinerant-localized dual nature involved in Ru 4d elec-
trons significantly affects the difference in the spin states
around the FM critical region among the doped alloys.
In this section, we suggest a possible origin of the avoided
quantum criticality in Sr1−x(La0.5K0.5)xRuO3 from the
perspective of the dual nature of Ru 4d electrons and ion
doping effects.
First, it is natural to consider that the disorder effect
induced by doping ions plays a vital role in the evolution
of the FM clusters around the FM critical region. It has
been argued that in Ca-doped SrRuO3, the suppression
7of the FM order is coupled with the changes in the lo-
cal ionic positions, such as ionic bond lengths and RuO6
octahedra rotations in the distorted perovskite structure
[40–45]. However, doping ions should generate the local
disorder, possibly caused by the difference in the ionic
radii between the doped ions (114 pm for Ca2+, 117 pm
for La3+, and 152 pm for K+) and Sr2+ (132 pm). To
roughly check the role of disorder concerning the atomic
positions in the evolution of the FM clusters, we compare
the unit-cell volume among the doped alloys. Displayed
in Fig. 7(a) are the ionic composition x dependencies
of the unit-cell volume for La0.5K0.5-, La-, and Ca-doped
SrRuO3 [20, 27]. Among the doped alloys, the largest vol-
ume change is generated in Ca-doped SrRuO3, implying
that disorder concerning the atomic positions would be
largely induced around the doped Ca2+ ions. However,
this expectation does not seem compatible with the trend
in the variations of the spin state among the alloys. The
cluster-glass state is realized in La0.5K0.5- and La-doped
SrRuO3, whereas the quantum critical phenomena are of-
ten observed in Ca-doped SrRuO3. A similar conclusion
may be also derived from the relation between the FM
transition temperature and the radii of the doped ions.
For Ca-doped SrRuO3, the reduction of the FM transi-
tion temperature by changing the average of the doped
ionic radii is the smallest among the doped alloys [the in-
set in Fig. 7(b)]. This implies that the disorder concern-
ing the atomic positions, accompanied by the variations
in the average of the ionic radii, is not much relevant to
the suppression of the FM order.
Instead, a key to understanding the origin of the dis-
crepancy in the spin states at the FM critical region is
derived from the features of the cluster-glass state found
in La0.5K0.5- and La-doped SrRuO3 [29]. We have argued
that in La0.5K0.5- and La-doped SrRuO3, the suppression
of T ∗ is mainly due to the reduction in inter-cluster in-
teractions rather than the shrinkage of the spin cluster in
the FM critical regions, because T0 is markedly reduced
with x, while Ea is nearly independent of x. We expect
that these features originate from the occurrence of local
nano-sized Sr-rich regions in real space as a consequence
of disorder concerning ionic-site occupations, possibly
yielded by the large difference in the ionic radii between
Sr2+ and the doped ions regardless of the doped com-
pounds. In such regions, the FM nano-droplets would
be stable and pinned because itinerant Ru 4d electrons
have a very small mean-free path as a characteristic of
the bad metal. As the doping level is increased, the dis-
tance between the Sr-rich regions becomes large, while
the lower limit of the Sr-rich region size for stabilizing
the FM droplet is unchanged, leading to the reduction
in T0 and the nearly unchanged Ea value, as revealed
by the present χ′ac(T ) experiments. If this is the case,
whether the cluster-glass state or quantum critical state
evolves should depend significantly on the sample prepa-
rations and conditions, as observed in Sr1−xCaxRuO3
[21–25]. The interpretation above further proposes that
quantum critical behavior is substantially governed by
the so-called Griffiths instability [46] even in a disorder-
reduced sample of Sr1−xCaxRuO3. This possibility has
also been inferred from the anomalously small dynamic
critical exponent concerning FM quantum critical fluctu-
ations [23].
The coupling between the correlated lattice disorder
and the FM cluster formation has been suggested from
the observation of the smeared quantum phase transi-
tion in the epitaxial film of Sr1−xCaxRuO3 [25] and the
comparison between Ca- and Ba-doped alloys [43]. In ad-
dition, the recent structural analyses and the magnetic
susceptibility measurement for Sr1−xCaxRuO3 revealed
that the inhomogeneity of the Ca/Sr distribution can be
significantly reduced by tuning the sample preparation
condition [45]. In general, it is hard to detect such local
heterogeneity with conventional x-ray diffraction tech-
niques. Thus, we expect that investigations of the precise
local crystal structure using atomic probes would provide
comprehensive understanding regarding this local disor-
der effect on the magnetic ground state around the FM
critical region.
Second, we argue a possible carrier doping effect on
the suppression of the FM order. Figure 7(b) shows
the FM transition temperature and the freezing tem-
perature plotted as a function of ionic composition x
for La0.5K0.5-, La-, and Ca-doped SrRuO3 [21, 27]. For
x ≤ 0.3, the decreasing rates of the FM transition tem-
perature by x in La0.5K0.5- and Ca-doped SrRuO3 are
comparable, but are clearly smaller than that in La-
doped SrRuO3. This difference could be simply ascribed
to the effect of carrier doping, because it is expected
that the La3+ ion acts as an electron dopant in SrRuO3,
whereas the La3+0.5K
+
0.5 and Ca
2+ ions do not. For x ≥ 0.4,
however, T ∗ of the La0.5K0.5-doped alloys decreases more
rapidly than the FM transition temperature of the Ca-
doped alloys although the doped ions have nominally
the same valence as Sr2+ in both alloys. The FM or-
der is replaced by the cluster-glass state at this x range
in La0.5K0.5-doped SrRuO3. Thus, we consider that the
rapid decrease in T ∗ could be caused by local heterogene-
ity of the Sr ion distribution rather than the nominal car-
rier doping effect, as argued above. In this regard, we fur-
ther suggest that the onset temperature of the FM cluster
formation in La0.5K0.5-doped alloys, which is expected to
nearly correspond to Tir [the cross symbols in Fig. 7(b)],
would be comparable to the FM transition temperature
of the Ca-doped alloys for x ≥ 0.4. Such an FM cluster
formation for T > T ∗ was observed with the µSR experi-
ment for La-doped SrRuO3 [30]. Despite these consider-
ations, the local charge distribution around Sr2+ and the
doped ions, as a consequence of the charge compensation
by the co-doping of the La3+ and K+ ions, is still unclear
in Sr1−x(La0.5K0.5)xRuO3 at present. It has been sug-
gested that in La0.5Na0.5-doped SrRuO3, inhomogeneous
charge compensation may give rise to a local disorder ef-
fect around the doped ions, and it then reduces the FM
order more rapidly in the intermediate La0.5Na0.5-doping
level, although it is still unclear whether such an effect
8also becomes an origin of the FM nano-cluster formation
[41]. Photoemission spectroscopy measurements are ex-
pected to provide details of the electronic state in doped
alloys.
V. CONCLUSION
In Sr1−x(La0.5K0.5)xRuO3, the FM order originating
from itinerant Ru 4d electrons is suppressed by increas-
ing the concentration of doped La and K ions, and
then disappears at x = 0.5 [32]. The present investi-
gation for Sr1−x(La0.5K0.5)xRuO3 using dc magnetiza-
tion, ac magnetic susceptibility, and specific heat exper-
iments revealed that the FM quantum phase transition
is avoided, and it is replaced by cluster-glass formation
at the FM critical region of 0.4 ≤ x ≤ 0.47. Suppression
of FM quantum critical fluctuations was shown by non-
diverging behavior in Cp/T for T → 0. Alternatively, we
suggested the emergence of the cluster-glass state from
the Vogel-Fulcher analysis for the frequency variations
in χ′ac(T ) and the observation of increased γ values al-
though there was no salient anomaly at T ∗ in Cp/T . We
discussed the origin of the avoided quantum phase tran-
sition by comparing the features of FM suppression in
Sr1−x(La0.5K0.5)xRuO3 with those in Ca- and La-doped
SrRuO3, and suggested that a local correlated disorder
effect and the very small coherence of itinerant Ru 4d
electrons are responsible for the cluster-glass formation
instead of the quantum phase transition.
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